STUDY QUESTION: Does the upregulation of the zinc finger E-box binding homeobox 2 (ZEB2) transcription factor in human trophoblast cells lead to alterations in gene expression consistent with an epithelial-mesenchymal transition (EMT) and a consequent increase in invasiveness?
Introduction
Normal placental development is critical for a successful pregnancy and it relies, in part, on the well-orchestrated differentiation of the fetal-derived trophoblast cell lineage into either the epithelial barrier layer of the placenta, the syncytiotrophoblast, or the invasive extravillous trophoblast (EVT). In the latter case, proliferative cytotrophoblast (CTB) cells located in the anchoring cell columns of the placenta differentiate into EVT, which invade the uterus and remodel the maternal spiral arterioles into large diameter, low resistance vessels capable of high-volume blood flow. EVT-mediated conversion of spiral arterioles is so integral to normal human placentation, that aberrant trophoblast invasion has been described as a key component of several major placental pathologies. These include trophoblast under-invasion, which can result in preeclampsia or intrauterine growth restriction (Naicker et al., 2003) , as well as the converse, over-invasion, which can result in placenta accreta-related pathologies (abnormally invasive placenta, AIP) (Tantbirojn et al., 2008) . In fact, the more severe forms of AIP (increta, percreta) are characterized by unusually deep trophoblast invasion with remodelling of the deeper myometrial blood vessels that feed into the spiral arteries, often resulting in substantial haemorrhage during delivery (Khong and Robertson, 1987; Tantbirojn et al., 2008) .
The mechanism underlying trophoblast differentiation into the invasive EVT remains elusive. However, we (DaSilva-Arnold et al., 2015 , 2018 and others (Pijnenborg et al., 1980; Vicovac and Aplin, 1996; Kokkinos et al., 2010) , have suggested that the differentiation of CTB into EVT involves a regulated epithelial-mesenchymal transition (EMT), a highly conserved molecular process similar to that seen in embryogenesis, wound healing and in pathological conditions, e.g. cancer metastasis. All EMT types share common features, e.g. the transformation of polarized, anchorage-dependent epithelial cells into highly invasive, anchorage-independent cells (Greenburg and Hay, 1982) . Although CTB differentiation to EVT shares some features with the three well-defined EMT types, there are significant differences (Kalluri and Weinberg, 2009) . Unlike embryogenesis (Type 1 EMT), CTB differentiation does not generate the mesenchyme of a new tissue. Nor does it appear to have the mobility and flexibility to regenerate epithelial cells, unlike cancer metastasis (Type 3 EMT). Like carcinomas however, EVT (the differentiated CTB) have a degree of plasticity characterized by the simultaneous retention of epithelial traits while acquiring mesenchymal features (Kalluri and Weinberg, 2009; DaSilvaArnold et al., 2015 DaSilvaArnold et al., , 2018 . We recently reported that third trimester EVT also have some plasticity; specifically, in the third trimester of pregnancy, the EMT process is scaled back when compared to the first trimester, resulting in EVT that are in a metastable, less mesenchymal state compared to first trimester EVT. Conversely, our evidence also supports that third trimester EVT from over-invasive AIP pathologies demonstrate a more mesenchymal EMT status compared to normal third trimester EVT (DaSilva-Arnold et al., 2018) .
A variety of signalling pathways are capable of promoting EMT, but they converge on a few key transcription factors that act as the master regulators of this process, including GSC, SNAI1, SNAI2, TWIST1, ZEB1 and ZEB2 (zinc finger E-box binding protein 2; previously known as SMAD-interacting protein 1, SIP1) (Comijn et al., 2001; Eger et al., 2005) . Our previous work indicated that ZEB2 is expressed at a level 200-fold higher in the invasive first trimester EVT compared to CTB (DaSilva-Arnold et al., 2015) . We also noted that ZEB2 levels were substantially down-regulated in third trimester EVT, concurrent with the loss of invasive capacity (DaSilva-Arnold et al., 2018) . These results and the absence of significant changes in the other master regulators raised the possibility that ZEB2 is the key mediator of the EMT process in trophoblast differentiation. In this study, our aim was to test the mechanistic role of ZEB2 in CTB to EVT differentiation. We hypothesized that upregulation of ZEB2 in epithelial trophoblast would induce gene expression and phenotypic alterations consistent with an epithelial-mesenchymal progression and with a subsequent increase in invasiveness. We used an in-vitro approach to overexpress ZEB2 in two epithelial trophoblast models, BeWo and JEG3 choriocarcinoma cells, to study EMT-associated gene expression and invasiveness.
shown to be free from mycoplasma contamination using the MycoAlert Plus Detection kit (Lonza, Walkersville, MD) and passaged under aseptic conditions. Unless otherwise stated, all cell lines were grown to, and analysed at~60% confluency and were used before passage number 30 (HTR-8/SVneo: under passage 90). All cultures were maintained at 37°C in a humidified incubator with a 5% CO 2 atmosphere.
Competent E. coli DH5α cells (Invitrogen, Carlsbad, CA) were transformed with either an empty vector (pRECEIVER-Lv225-hNEG-GFP) or a ZEB2 open reading frame (ORF) expression construct with an EF1A promoter region, green fluorescent protein (GFP), and a puromycin resistance element (pRECEIVER-Lv225-hZEB2-GFP; NM_014 795.3; GeneCopoeia, Rockville, MD) according to the manufacturer's protocol. The bacterial suspension was cultured overnight on LB plates with 100 μg/ml carbenicillin (Teknova, Hollister, CA) and a colony was selected for plasmid purification with the plasmid endofree Maxi kit (Qiagen, Valencia, CA). Lentiviral vectors were generated by transient transfection of each plasmid construct (10 μg DNA) with 10 μg third-generation lentiviral packaging system (Applied Biological Materials, British Columbia, Canada) using the TurboFect transfection reagent (Pierce Biotechnology, Rockford, IL), into HEK293T cells, according to the manufacturer's instructions. Lentivirus-containing supernatants were harvested at 72-and 96-h post-transfection, cleared by low-speed centrifugation, and filtered through a 0.45 μm pore size PES low protein-binding filter. The supernatant was stored at −80°C in single-use aliquots to be used for lentiviral titering and stable clone generation. The viral nucleic acid content was quantified using the QuickTiter Lentivirus Titer kit (Cell Biolabs, San Diego, CA). Both BeWo and JEG3 cells were infected with either empty vector (EV) or ZEB2-expressing lentivirus (MOI = 10) in the presence of 8 μg/ml polybrene. Following transduction, ZEB2-expressing cells were selected and subsequently maintained in 4 μg/ml puromycin. To generate stable ZEB2-expressing clonal cell lines, the highest GFPexpressing cells were sorted on a FACSAria II flow cytometer (BD Biosciences, San Jose, CA) based on the fluorescence produced from GFP in the overexpression vector. Single, high GFP-expressing cells were cultured separately in 96-well plates and stable clonal cell lines were developed from these cultures. The stable clones were expanded and gene expression was quantified by extracting total RNA for quantitative RT-PCR (qRT-PCR) using primers specific to human ZEB2 (Hs00207691_m1; Taqman Gene Expression Assays; Applied Biosystems, Foster City, CA) and normalized to a housekeeping gene, YWHAZ (Hs03044281_g1) using the ΔΔC T method (Livak and Schmittgen, 2001) . Two BeWo clones (c6/f11) and two JEG3 clones (a7/b5) were chosen for downstream analysis of gene expression, protein expression and functional invasiveness based on their ZEB2 expression and morphology. EV clones were expanded as a mixed colony and maintained in puromycin.
RNA isolation and PCR array
All cells utilized for analysis on a PCR array were plated as monolayers in 24-well plates to reach~40-60% confluency after 24 h. Cells were washed twice with PBS and extracted directly into QIAzol (Qiagen, Valencia, CA). Genomic DNA was enzymatically digested by DNase I treatment and total RNA was captured by column purification using the miRNeasy Micro kit (Qiagen) according to the manufacturer's instructions. Both RNA concentration and integrity were quantified on an RNA 6000 Nano Chip using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). All samples were reverse transcribed from 200 ng total RNA to cDNA using the SuperScript III First Strand Synthesis System (Invitrogen, Carlsbad, CA). Samples were analysed with the Epithelial-Mesenchymal Transition (EMT) RT 2 Profiler PCR array (Cat #PAHS-090 ZC, Qiagen) on an ABI 7900 HT Fast RealTime PCR System (Applied Biosystems, Foster City, CA) as previously described (DaSilva-Arnold et al., 2015 , 2018 . The 2 (-ΔCT) method was used to obtain the fold-change in relative gene expression between each BeWo clone (BeWo_c6 and BeWo_f11) and BeWo empty vector (BeWo_EV) normalized to four housekeeping genes (GAPDH, RPLP0, B2M, and ACTN). Similarly, each JEG3 clone (JEG3_b5 and JEG3_a7) was compared to the JEG3 empty vector clone (JEG3_EV) normalized to three housekeeping genes (GAPDH, RPLP0 and HPRT1) . The data is presented as the mean ± SEM of three independent experiments.
Cell morphology characterization
Morphological differences between ZEB2-transfected and EV clones were analysed from cells plated as monolayers prior to extraction for RNA. Phase-contrast images were recorded at 10X with a Nikon Eclipse TS100 (Nikon Instruments, Melville, NY) with a QICAM digital camera loaded with QCapture v.2.68.2 (QImaging, British Columbia, Canada). The shape was quantified using ImageJ software (v1.53, NIH). The cell aspect ratio was calculated by dividing the length of a cell's major axis by the width of the minor axis. Approximately 20-30 cells per image present at the periphery of a colony were recorded. All data are presented as the mean ± SD of four independent images per cell type.
Immunofluorescent staining
All cells stained with immunofluorescent antibodies were plated as monolayers in glass chamber slides (Nalgene Nunc, Rochester, NY) to reach~40-60% confluency after 24 h. The cells were fixed and permeabilized with ice-cold acetone for 10 min, then washed three times in PBS. Non-specific binding was blocked with BlockAid (Thermo Scientific) in 0.1% Tween for 1 h at room temperature. Immunolabeling was performed with primary antibodies in a humidified chamber overnight at 4°C; primary antibodies comprised mouse monoclonal anti-occludin Alexa Fluor 488 (1:40; clone OC-3F10, Thermo Scientific) or rabbit polyclonal anti-E-Cadherin (1:100; clone C1C3, GeneTex). Following incubation with primary antibodies, slides with E-cadherin were washed three times with PBS and incubated with Alexa Fluor 488-labelled antirabbit IgG in BlockAid (1:500; Molecular Probes) for 30 min at room temperature and washed three times with PBS. In all slides, the nuclei were counterstained with Hoechst 33 342 (Invitrogen) for 5 min at room temperature and washed three times with PBS. Slides were airdried and cover-slipped with ProLong Anti-Fade (Thermo Scientific).
Images were acquired at the same exposure with the Nikon A1R confocal microscope and merged with NIS Elements AR 5.02 software (Nikon Instruments). 
Western blotting

Invasion (Transwell) assay
The BeWo and JEG3 choriocarcinoma cell lines were analysed for migration and invasion on thin Matrigel-coated or thick Matrigelcoated polycarbonate membrane (8-μm pore size) Transwell inserts (Corning Inc, Corning, NY) as described by Justus et al. (2014) with minor modifications. BeWo or JEG3 cells were grown to~60% confluency and passaged at a 1:2 dilution 24-h before serum starvation. For cell invasion, the Transwell inserts in a 24-well plate format were coated with Matrigel ® Basement Membrane Matrix, LDEV-free (Corning Inc) dissolved in 100 μl of serum-free medium (DMEM, high glucose, no calcium, supplemented with 4 mM GlutaMAX) at 0.3 mg/ ml (BeWo) or 0.5 mg/ml (JEG3 and HTR-8/SVneo) concentrations under aseptic conditions. A thin Matrigel-coated insert was also prepared as a migration control to enable determination of the rate of cell invasion for each cell line (0.03 mg/ml for BeWo or 0.05 mg/ml for JEG3 and HTR-8/SVneo). The Matrigel-coated inserts were allowed to gel for~3 h at room temperature, then placed in an incubator at 37°C prior to use. Concurrently, BeWo or JEG3 (EV and ZEB2 clones) were washed with PBS and starved in low serum conditions (0.5% FBS) for 6 h in DMEM, high glucose, no calcium, supplemented with 4 mM GlutaMAX, and HTR-8/SVneo in RPMI 1640 containing 0.5% FBS. At the given time for seeding, cells were enzymatically dissociated with Accutase (STEMCELL Technologies, Cambridge, MA), washed with PBS to remove serum, and resuspended in DMEM, high glucose, without calcium for BeWo and JEG3 (or RPMI for HTR-8/SVneo) with 0.5% FBS. A seeding density of 5.0 × 10 4 cells per well was placed in the upper chamber while a chemoattractant (10% FBS) was added to the lower chamber in the same medium. The plates were incubated at 37°C for 24 h (JEG3) or 48 h (BeWo). HTR-8/SVneo were assayed in parallel with the BeWo and JEG3 cells. When being compared to BeWo invasion over 48 h, the HTR8/SVneo were plated at a lower seeding density (2.0 × 10 4 cells/well). At the designated endpoint, the migrated/invaded cells were fixed with 4% paraformaldehyde (10 min), washed with PBS, and stained with hematoxylin and eosin (H&E). The cells on the seeding side of the membrane (upper chamber) were gently removed with a cotton-tip applicator and the membranes were cut and positioned in 50% glycerol: 50% PBS on coverslips. Images of the H&E stained cells that attached to the reverse side of each filter were taken for three random non-overlapping fields at 100X with a Nikon Eclipse TS100 inverted microscope (Nikon Instruments). Cell invasiveness was expressed as the ratio of each cell line invading through the thick Matrigel and normalized to the number of cells migrating through thin Matrigel for each cell type (expressed as mean % invasion). All data are presented as the mean ± SEM of a minimum of three independent experiments performed in triplicate.
Real-time monitoring using the RTCA DP xCELLigence system
Real-time migration and invasion of BeWo and JEG3 cell lines was analysed using CIM-16 plates on the RTCA DP xCELLigence system (ACEA Biosciences, San Diego, CA) per manufacturer's instructions. BeWo or JEG3 cell lines were grown to~60% confluency and passaged at a 1:2 dilution 24-h before serum starvation. The cells were washed with PBS and starved in 1% FBS-containing medium for 8 h in each cell line's respective medium as described above (cell culture). The upper chamber of the CIM-plates was coated with 50 μg/ml or 500 μg/ml of Matrigel (Corning Inc) for cell migration and invasion assays respectively and placed in a 37°C incubator for 4 h. Medium containing 10% FBS was used as a chemoattractant in the bottom chamber of the CIM-16 plate. The cells were detached using Accutase and resuspended in the respective medium containing 1% FBS and 100 ng/ml human epidermal growth factor (EGF) to the final concentration of 4 × 10 5 cells/ml. Cells were seeded (4 × 10 4 cells) in triplicate to wells in the top chamber. Invasiveness as indicated by the change in the cell index versus time was measured every 10 min for 72-h and graphed as the Δ cell index from at least four wells ± SD.
Measurement of invasion using a 3D bioengineered placenta model (3D-BPM)
BeWo and JEG3 choriocarcinoma cell invasion was measured using a novel 3D-BPM as previously published, using gelatin-methacrylate (gelMA) discs (Kuo et al., 2016 (Kuo et al., , 2018a (Kuo et al., , 2018b . All bioprinting was done on a commercial 3D bioprinter (3D-Bioplotter; EnvisionTEC, Dearborn, MI) using a prepolymer solution prepared from the gelMA. Cells were bioprinted (2 million cells/ml) in gelMA/growth medium with low serum (5% FBS) along the periphery of the cylindrical placental model (height = 2 mm, diameter = 10 mm) with a chemoattractant (EGF, 10 μM) at the centre. Phase-contrast images were taken on Days 2 and 7 with an inverted microscope (Olympus CKX42). Invasion rates were determined by measuring the average distance between the edge of the placental model construct and the invasion front using an inverted fluorescent microscope (Olympus) at different time points (Day 1 vs. Day 8). All data are presented as the mean ± SEM of experiments done in triplicate.
Statistics
Statistical analyses were conducted and plotted using GraphPad Prism 7.03 (GraphPad Software, LaJolla, CA 
Results
Generation and choice of stable ZEB2 overexpression clone cells
We generated stable clones of BeWo and JEG3 cells with an expression vector containing the ZEB2 coding region and two selection markers, coding for GFP and puromycin resistance. Multiple ZEB2 overexpression clones (ZEB2 oe ) were generated, each originating from a single cell that was isolated by FACS from the top 1% of GFPexpressing cells. We initially analysed various clones using Taqman qRT-PCR to measure ZEB2 expression change compared to the parental cells. Figure 1A shows the data for the representative clones which we selected from each cell line (BeWo_c6, BeWo_f11; JEG3_b5, JEG3_a7) that reflected increased ZEB2 gene expression. Thus, ZEB2 expression in the BeWo_f11 clone was~95-fold that of the BeWo parental line, while BeWo_c6 was greater than 300-fold higher than the parental cells. ZEB2 expression in the JEG3_a7 clone was~300-fold higher than the JEG3 parental cells and JEG3_b5 expression was greater than 500-fold higher. All the selected ZEB2 oe clones showed levels of ZEB2 closer to that demonstrated for the EVT model cell line, HTR8/SVneo (~400-fold > BeWo parental cells). Prior to any further analyses, the gene expression of both BeWo and JEG3 parental cells were compared to their respective empty vector controls (BeWo_EV and JEG3_EV) and found to be not significant (P = 0.99). It should be noted that the C T values for the BeWo and JEG3 parental cells were in the range 32-36, demonstrating a very low level of expression, thus the high values for the overexpressing clones are due in part to a very low denominator.
In addition to the aforementioned qRT-PCR, RNA from ZEB2-expressing cells was also measured as part of the EMT PCR array. The ZEB2 expression changes determined from the PCR array measurements differed substantially from those measured by Taqman qRT-PCR assay. Nevertheless, it is important to note that the same relationship was maintained whether gene expression was measured by Taqman assay or by PCR array, e.g. that ZEB2 expression in the high expression clones (BeWo_c6, JEG3_b5) is 3-4-fold greater than that in the lower expressing clones (BeWo_f11, JEG3_a7). Using the PCR array, we measured the difference between the empty vector controls (BeWo_EV, JEG3_EV) and the ZEB2 oe clones. Compared to the BeWo_EV control, the PCR array indicated a 44.4 ± 1.3-fold upregulation (n = 3, P = 0.011) for the BeWo_c6 and a 13.9 ± 4.9-fold increase for the BeWo_f11, (n = 3; NS). Compared to the JEG3_EV control, ZEB2 expression in JEG3_ b5 was increased 40.3 ± 12.8-fold (n = 3, P = 0.026) and in JEG3_a7, by 9.3 ± 3.9-fold (n = 3; NS). Clearly the level of gene expression measured in the PCR array is substantially lower than that in the Taqman measurements shown in Fig.  1A . There are multiple reasons for the differences between the assay methods (e.g. Taqman vs. SYBR Green assay methods, differing primers), however since we were assessing changes in other EMTassociated genes using the PCR array, we elected, hereafter, to utilize the values of ZEB2 expression observed in the PCR array. Overexpression of ZEB2 was verified by western immunoblot of total cell lysates. The results are shown in Fig. 1B and C, comparing protein expression in the parental cells, the EV controls and the ZEB2 oe clones for both BeWo and JEG3. The BeWo_c6 clone showed a higher expression of ZEB2 protein (n = 3; P = 0.003) compared to the BeWo_EV control. Similarly, the JEG3_b5 clone had increased ZEB2 protein (n = 3; P = 0.037) compared to the JEG3_EV control. In both cases, the ZEB2 mRNA upregulation is reflected in increased ZEB2 protein. Fig. 2A, B , Supplementary Fig. 1 ) and a gain of an elongated structure characteristic of mesenchymal-like cells. This change was quantified as the cell aspect ratio (ratio of the length of the major axis to the width of the minor axis) and is shown to be increased in ZEB2 oe BeWo clone compared to EV control (BeWo_EV, 1.63 ± 0.35; BeWo_c6, 2.46 ± 0.82, P < 0.0001; Fig. 2C ). The same is true of the ZEB2 oe JEG3 clone compared to control (JEG3_EV, 1.65 ± 0.38; JEG3_b5, 2.31 ± 0.79, P < 0.0001; Fig. 2C ). The BeWo and JEG3 cells transduced with EV were phenotypically similar to the parental cell lines ( Fig. 2A, B ).
Gene expression of stable ZEB2 oe clones indicate a shift to a mesenchymal pattern RNA was extracted from all cell lines, BeWo and JEG3 parental, EV and ZEB2 oe stable clones, and analysed by an EMT-specific PCR array to identify gene expression changes as previously described (DaSilvaArnold et al., 2015 (DaSilvaArnold et al., , 2018 . RNA integrity number (RIN) scores were uniformly ≥9 indicating high-quality RNA (Schroeder et al., 2006) . The graphical representation in Fig. 3A highlights the gene expression foldchange in the BeWo_c6 and BeWo_f11 ZEB2 oe clones (n = 3) compared to the EV control (n = 3). This comparison shows well-recognized alterations in EMT-related genes. Thus for the BeWo_c6 comparison to BeWo_EV control, this includes a loss of epithelial-associated genes involved in cell adhesion processes such as DSP (desmoplakin; −1.9 ± 0.05, P = 0.008), F11R (F11 receptor; −2.05 ± 0.09, P = 0.009), PLEK2 (pleckstrin 2; −2.62 ± 0.04, P < 0.001) and OCLN (occludin; −2.2 ± 0.1-fold, P = 0.008); the latter change is only seen in the BeWo_c6 clone.
There is also loss of BMP7 (bone morphogenic protein 7; −9.2 ± 0.1, P < 0.001), a member of the TGFβ superfamily previously shown to be involved in promoting the epithelial phenotype (Zeisberg et al., 2003; Buijs et al., 2007; Naber et al., 2012; Duangkumpha et al., 2014) . In addition, ZEB2 overexpression in BeWo_c6 also leads to gain of mesenchymal markers such as CAV2 (caveolin 2; 2.7 ± 0.1, P < 0.001), ERBB3 (Erb-B2 Receptor tyrosine kinase 3; 3.4 ± 0.7, P = 0.025), SPARC (secreted protein acidic and rich in cysteine; 6.7 ± 0.2, P = 0.021) and TGFB1 (transforming growth factor beta 1; 4.3 ± 0.7, P = 0.021). Notable also are the increases in MMP2 (matrix metalloproteinase 2; 9.5 ± 1.3, P = 0.016) and MMP9 (matrix metalloproteinase 9; 3.2 ± 0.3, P = 0.006). The full complement of gene expression data for the BeWo_c6/ BeWo_EV comparison is found in Supplementary common with the BeWo_c6 clone; in some cases, differential expression is not as great as in the BeWo_c6. For example, in the BeWo_f11, the loss of BMP7 is 5-fold less (−1.4 ± 0.1, P = 0.004) than in BeWo_c6 (−9.2 ± 0.03, P < 0.001). Nevertheless, there are some genes with significant changes in the BeWo_f11 that are not seen in BeWo_c6 including a loss in the epithelial marker EGFR (epidermal growth factor receptor; −2.5 ± 0.1, P = 0.048) and an increase in the mesenchymal markers, ITGB1 (integrin beta 1; 1.7 ± 0.04, P = 0.021) and VIM (vimentin; 4.2 ± 0.9, P = 0.037). Although ZEB2 expression is highly upregulated in the JEG3_b5 clone ( Fig. 3B ; Supplementary Table III) , this clone displays a gene expression signature dissimilar to BeWo stable clones. In fact, the JEG3_b5 gene expression pattern shares few similarities with either of the BeWo clones. The high ZEB2-expressing JEG3_b5 clone does exhibit changes in several classical markers of the EMT, including CDH2 (N-cadherin; 2.2 ± 0.3; P = 0.008), ITGA5 (integrin alpha 5; 1.4 ± 0.04; P = 0.001), ITGB1 (integrin beta 1; 1.5 ± 0.2; P = 0.041), and other EMT master regulators SNAI2 (Slug; 1.9 ± 0.2, P = 0.011) and TWIST1 (Twist; 3.44 ± 0.1; P < 0.001). Several gene expression changes are, however, opposite to those described for EMT in the literature (CALD1, −1.3 ± 0.02; P = 0.001; FOXC2, 3.5 ± 0.7; P = 0.025; SNAI1, −2.2 ± 0.1; P = 0.008). In the lower-expressing ZEB2 oe clone, JEG3_a7, there are approximately one-third fewer gene expression changes than the JEG3_b5 and, similar to the lower ZEB2 oe BeWo_f11
clone, the extent of the change generally appears to be lower ( Fig. 3B ; Supplementary Table III) . Notable also are the (cyto)keratins. These are generally regarded as epithelial markers, although there are numerous exceptions (see Discussion section). In the case of the ZEB2 oe BeWo clones, there are >2-fold increases in both KRT7 and KRT14, while KRT19 levels show no changes, compared to the EV control. In the case of the ZEB2 oe JEG3 clones, with exception of KRT7 in JEG3_b5 (1.2-fold increase), there are no differences in cytokeratin expression compared to the EV control. 
Stable ZEB2 oe clones have increased motility and invasion in Transwell assays
An integral feature of cells that undergo an EMT is an increase in the rates of migration and invasion. We used several approaches to assess whether ZEB2 upregulation is associated with increased migration and invasion. The first is a classic Transwell invasion assay. In the invasion assay, we employed a thick layer of Matrigel (300/500 μg/ml) which required cells to digest and invade into the extracellular matrix before traversing the Transwell. The presence of a Matrigel coating for both migration (thin coating) and invasion (thick coating) inserts ensured that differences in movement of cells across the insert was not due to differences in the extent of cell binding to the insert surface. BeWo are an epithelial-like trophoblast model cell line known to have the ability to fuse (a syncytiotrophoblast model) and have a very limited invasive potential (Lyden et al., 1993) . However, after ZEB2 upregulation, our BeWo_c6 clone exhibited an enhanced chemotactic behaviour when cultured in calcium-free medium and was easily capable of passing through a thin-layer of Matrigel coating compared to BeWo_EV (Fig. 4A ). This ZEB2 overexpression clone had substantially augmented invasiveness (mean percent invasion = 33.7 ± 2.9%, P = 0.0004; Fig. 4B ) through the thick Matrigel-coated insert compared to EV control (13.2 ± 1.9%). In fact, functionally, BeWo_c6 appeared to invade at a comparable rate to the EVT-like HTR-8/SVneo (52.9 ± 3.9%; P = 0.054). We should note that BeWo migration/invasion was assessed at 48-h, rather than 24-h, because the BeWo only appear to begin invading at the 24-h timepoint. This determination was made based on real-time monitoring of BeWo on the xCELLigence system (see below). On the other hand, JEG3, known to have invasive properties, was assayed at 24-h. The high ZEB2 expressing JEG3_b5 cells were able to invade through Matrigel at a greater rate compared to control (JEG3_EV, 15.3 ± 2.3% invasion rate; JEG3_b5, 40.2 ± 9.1%; Fig. 4B ).
Stable ZEB2
oe clones have increased invasion in two real-time assay systems: a novel 3D bioprinted placenta model (3D-BPM) and xCELLigence assays
Invasiveness was assessed by two other methods. The first of these utilized a novel 3D bioprinting technique (Kuo et al., 2016) . The 3D-BPM is superior to 2D Transwell studies because it allows for realtime data acquisition of cell invasion in a system that simulates the three-dimensionality of the human placenta. A shell of cells is bioprinted in low serum conditions at the periphery of a gelatin methacrylate (gelMA) hydrogel disc which mimics an extracellular matrix (ECM) and contains fibronectin (model represented in Fig. 5A ). As the cells degrade the ECM and travel towards the chemotactic factors tative ZEB2 overexpressing (A) BeWo clones (c6/f11) and two (B) JEG3 clones (b5/a7) were selected for examination of the alterations in expression following ZEB2 qRT-PCR. Gene expression was measured using a PCR array for EMT-associated genes. The data is expressed as the relative foldexpression change between the overexpression clones and their respective empty vector controls (BeWo_EV or JEG3_EV; P < 0.05). The genes shown are those for which there was a significant change in expression for at least one of the two stable clones for each cell type. The data is presented as the mean ± SEM of three independent experiments.
(5% FBS + EGF) at the centre of the disc, the invasion rate is captured by phase-contrast microscopy every 2 days for up to 8 days (Fig. 5B) . The invasion of EV and ZEB2 oe clones was measured by 3D-BPM and expressed as an invasion rate (μm/day). The BeWo_c6 clone invaded 2-fold faster through the ECM of the 3D-BPM, compared to control (BeWo_EV, 12.4 ± 0.9 μm/day; BeWo_c6, 23.3 ± 0.9 μm/day; P = 0.0002; Fig. 5C ). In a similar manner, the JEG3_b5 clone invasion was faster compared to the control (JEG3_EV, 5.1 ± 0.2 μm/day; JEG3_b5, 17.8 ± 0.2 μm/day; P < 0.0001; Fig. 5C ). These results are consistent with the Transwell assays described above. The third measure of functionality employed real-time monitoring of invasion using the xCELLigence RTCA system, an electronicallyintegrated Boyden chamber. Similar to the Transwell assay, cells with invasive properties that are seeded on top of Matrigel degrade the ECM and travel towards a chemoattractant in a lower chamber. However, in the xCELLigence system, when the cells pass through the ECM, they adhere to the gold impedance electrodes and cause an increase in the electrical impedance signal (given as cell index). Using this system, we tested two aspects of invasion related to ZEB2 overexpression. The first was confirmation of the differences between the ZEB2 oe clones and their respective EV controls. The results are shown in Fig. 6A and B, where the increased invasion rates of the BeWo_c6 and JEG3_b5 compared to EV controls are apparent.
In the 3D-BPM assay, the cells bioprinted at the periphery invade towards the centre of the disc, up a gradient of EGF. We used the xCELLigence assay to determine whether the invasion results observed in the 3D-BPM model were the result of EGF acting to modify the intrinsic invasiveness of the cells, rather than a chemotactic effect. Thus, all the cell invasion measurements using the xCELLigence system (both EV controls and ZEB2 oe clones) and shown in Fig. 6 were performed in the presence of 10 μM EGF. It is clear from these measurements that the invasion rates for the ZEB2 oe clones are significantly greater than the EV controls (both performed in the presence of EGF). This demonstrates that the higher invasion rates of the ZEB2 oe clones are not the result of EGF modulation of cell function and validates the 3D-BPM measurements. , and HTR-8/SVneo were starved in low serum conditions (0.5% FBS) for 4-6 h and seeded on Transwell inserts (8-μm pore size). All cells were H&E stained at 48-h, and (B) the ratio of cells able to invade (thick matrigel) compared to migrate (thin matrigel) represents the invasion rate (% mean invasion). Invasion of the ZEB2 overexpression BeWo_c6 clone through a Matrigel-coated Transwell was significantly increased compared to BeWo_EV (Kruskal-Wallis test with Dunn's multiple comparisons, ***P = 0.0007), similar to the invasion rate of HTR8/SVneo (****P < 0.0001). JEG3 were analysed after 24-h migration/invasion. ZEB2 overexpressing JEG3_b5 clone invaded significantly faster compared to JEG3_EV (Kruskal-Wallis test with Dunn's multiple comparisons, *P = 0.02). Results are the mean ± SEM of three independent experiments performed in triplicate.
Protein expression in the stable ZEB2 oe clones
In addition to gene expression changes, we also examined a select series of proteins to determine whether the alterations in the ZEB2 oe clones' gene expression were reflected as changes in protein expression. These measurements were performed by immunofluorescence and western blotting of clone cell lysates (n = 3 for all groups). In Supplementary Fig. 1A , E-cadherin fluorescent staining appears reduced in the BeWo_c6 clones that have pulled away from the cell colony. The results in Fig. 7 (and Supplementary Figs 2 and 3 ) compare protein expression by western blot in the parental cells, the EV controls and the ZEB2 oe clones. In Fig. 7A (and Supplementary Fig. 2) , the data for BeWo shows that cytokeratins 7 and 14 are unchanged across the array of cells (BeWo_par, BeWo_EV, BeWo_f11, BeWo_c6), despite demonstrating significant increase in gene expression in the BeWo_c6 clone. The levels of other well-recognized EMT-associated proteins such as MMP-2, MMP-9, fibronectin, vimentin and IGFBP4 in BeWo_c6 are increased compared to the BeWo_EV control (P < 0.05; ANOVA; Fig. 7A ). In the JEG3 cells, there are no significant changes in protein expression between the groups (JEG3_par, JEG3_EV, JEG3_a7, JEG3_b5; Fig. 7B , Supplementary Fig. 3 ). In Supplementary Fig. 1B , JEG3_b5 cells show no depreciable change in OCLN gene expression, yet the occludin tight junctions appear as punctate staining.
Discussion
Our goal was to overexpress ZEB2 in cultured trophoblast cell models to support or refute the hypothesis that the CTB to EVT transition is regulated by ZEB2, an EMT master regulatory transcription factor. We predicted that ZEB2 overexpression in BeWo and JEG3 would induce changes in gene expression and phenotypic alterations consistent with an EMT. Both BeWo and JEG3 were stably transduced with a lentiviral vector coding for ZEB2. Two stable clones of each cell line were analysed for gene expression, protein and functional alterations, compared to EV controls. A targeted analysis of gene expression by an EMT-specific array confirmed differential expression in those ZEB2 oe clones, indicative of a shift towards a mesenchymal genotype. ZEB2 has been shown to be a promoter of invasion in malignant epithelial tumours following conditional upregulation (Comijn et al., 2001; Vandewalle et al., 2009) . Therefore, successful ZEB2 overexpression in BeWo and JEG3 might be expected to promote cell invasiveness. We showed that the clones with increased ZEB2 protein exhibited substantial increases in invasiveness in multiple functional assays, including a Transwell endpoint assay, and two kinetic assays, a novel 3D-bioprinted placental model (3DBPM) and the xCELLigence system. Thus, the evidence for an EMT comprises (1) multiple changes in gene expression, the majority of which reflect an epithelial-mesenchymal shift, (2) changes in cell morphology, (3) changes in protein expression and (4) most importantly, substantial increases in invasiveness in the high ZEB2 oe clones. While loss of invasiveness is easy to induce through the alterations in a single system, increases are important because they imply multiple, coordinated alterations in cell systems which are necessary to increase invasiveness. We conclude that our hypothesis, that ZEB2 expression promotes alterations consistent with an epithelial-mesenchymal transition coupled with increased invasiveness, is supported. While all the clones selected for downstream analyses had mesenchymal features, only BeWo_c6 and JEG3_b5 showed increased ZEB2 protein, and only BeWo_c6 and JEG3_b5 displayed increased invasiveness in the Transwell assays. The disparity between the levels of ZEB2 gene overexpression and the small increases in ZEB2 protein is explained by a recent finding which shows that a section of the ZEB2 mRNA induces ribosomal pausing and compromises protein synthesis (Wan Makhtar et al., 2017) . This protein-coding section requires stretches of rare codons which leads to restricted protein synthesis. Thus, ZEB2 protein is only achievable at higher levels of ZEB2 mRNA expression.
BeWo_c6 expresses a well-recognized pattern of gene up-and down-regulation consistent with an EMT. These include the decrease in the expression of genes associated with cell-cell junctions and cellcell adhesion (DSP, F11R, OCLN, PLEK2) and the gain in matrix metalloproteinases (MMP2, MMP9). However, JEG3_b5 displays a different set of changes, many associated with EMT, including upregulation of CDH2, GSK3B, ITGA5 and SNAI2. In addition, both BeWo_c6 and JEG3_b5 also demonstrate gene expression changes that are dissimilar to the patterns seen in Types 1-3 EMT (Kalluri and Weinberg, 2009; Thiery et al., 2009 ). These observations raise important points. The first is that limiting classification to the Type 1-3 definitions is too restrictive; even within these classifications there are numerous differences and deviations. As we have noted previously, cytotrophoblast differentiation is likely a different form of EMT (DaSilva-Arnold et al., 2015 , 2018 . The use of the PCR array has enabled us to examine a wide range of markers, however appropriate identification should also require functional measures, such as the demonstration of altered invasiveness described here.
Other aspects of the clones' differential gene expression are worth noting. Unlike the BeWo ZEB2 oe clones, the JEG3 ZEB2 oe clones show significant changes in several other EMT master regulatory transcription factors (decreased SNAI1, increased SNAI2 and TWIST1) as a result of ZEB2 overexpression. There is clear evidence from the other EMT types of a variety of combinations of regulatory pathways which result in EMT (Peinado et al., 2007; Thiery et al., 2009; Tania et al., 2014; Pattabiraman and Weinberg, 2016) . The fact that the JEG3_b5 also showed increased ZEB2 protein, altered morphology and increased invasiveness suggests that cell-specific alternate regulatory pathways, downstream of ZEB2, may result in the same EMT-related endpoints. The differences in gene expression patterns between BeWo_c6 and JEG3_b5 may reflect the inherent phenotypic differences between these two choriocarcinoma cell lines. While some changes in the JEG3_b5 clone are expected, such as the significant gain in neural (N)-cadherin (CDH2), a molecule present in highly motile cells, others are not. One example is a hallmark feature of the EMT, the down-regulation of (E)-cadherin (CDH1). Instead we saw significant gain in CDH1 expression in our JEG3_b5 clone, but it did not translate into increased protein production. This is perhaps because sumoylation of ZEB2 reduces its ability to transcriptionally suppress CDH1 without any effect on ZEB2 subcellular localization. Therefore, the loss of CDH1 is attenuated even with ample ZEB2 upregulation (Long et al., 2005) . Previous microarray studies showed that~2700 genes were differentially expressed between the BeWo and JEG3 choriocarcinoma lines, suggesting major differences in cell adhesion, signal transduction and protein metabolism possibly related to differences in lineage (Burleigh et al., 2007) . The parental JEG3 are more invasive and express HLA-G, a marker for extravillous trophoblast (Lala et al., 2002) , suggesting they may already be further along the EMT than the BeWo. It is also possible that these patterns may indicate that ZEB2 stimulates alternate pathways in these two cell types, acting in a redundant manner to yield the same end-results, i.e. loss of cell-cell adhesion, loss of cell polarity and increased invasive capacity. That both BeWo_c6 and JEG3_b5 demonstrate an EMT is shown not only by the multiple gene expression changes consistent with an EMT, but also by the increased invasiveness and morphologic alterations consistent with loss of cell-cell adhesion and polarity. If we accept that both clones undergo an EMT as a result of ZEB2 overexpression, then we can conclude that the same endpoint, EMT, may be achieved via alternate pathways.
The other notable observation concerns the cytokeratins. Theoretically, cells require transcription factor signalling alterations, polarity changes and cytoskeletal remodelling for a complete progression of the EMT. Yet, some cells transiently express features of a partial EMT state (Lee et al., 2006; Yang and Weinberg, 2008; Lim and Thiery, 2012) . Recent observations suggest that cells undergoing EMT are not only capable of displaying a spectrum of epithelial/mesenchymal phenotypes but may also possess alternate pathways for activation (Pattabiraman and Weinberg, 2016; Jolly et al., 2017) . Trophoblast cells may also be capable of a partial EMT, in which they simultaneously retain epithelial markers while gaining mesenchymal traits. In this manner, cells may have a degree of plasticity, maintaining the ability to progress towards a mesenchymal state or revert back to an epithelial state, often defined as a 'metastable' state (Lee et al., 2006; Jordan et al., 2011; Tam and Weinberg, 2013) . As trophoblast cells undergo the EMT, they appear to retain epithelial cytokeratins which would be expected to be suppressed in a more complete EMT.
The key element supporting an EMT in BeWo_c6 and JEG3_b5 is that ZEB2 overexpression results in a significant functional change, e.g. increased invasive behaviour, demonstrated across all platforms. We first tested the clones in a widely used and reliable measure of invasion, the Transwell Matrigel assay, where both the BeWo_c6 and JEG3_b5 clones easily traversed an extracellular matrix barrier (ECM; Matrigel). These clones were also analysed in 3D using a novel placental bioprinted model (3D-BPM), a system that mimics the in-vivo 3D structure and dimensionality of the placenta while permitting real-time data acquisition. With these advantages, we were able to provide a robust alternate measurement of trophoblast invasion, generating results consistent with the Transwell assays. In the xCELLigence system, similar to the previous two invasion measures, the BeWo_c6 and JEG3_b5 showed substantial increases in invasive capacity compared to the EV controls, as measured by the increase in electrical impedance occurring as cells traversed the ECM. It has been suggested that EGF acts as an EMT inducer through TWIST1 upregulation resulting in a decrease of CDH1 and an increase in VIM production (Lo et al., 2007) . Since our invasion studies in the 3D-BPM used EGF as a chemoattractant, we sought to verify that this ligand was not responsible directly for increased invasiveness. We therefore used the xCELLigence system to test whether EGF was acting as a promoter of EMT. Despite the fact that EGF was present in both experimental (BeWo_c6, JEG3_b5) and control (BeWo_EV, JEG3_EV) groups, both experimental clones showed substantial invasive capacity compared to the EV controls, demonstrating that EGF was not responsible for the augmented invasive capacity.
There is broad correlation between the data obtained from the different invasion models, in that only those clones with upregulation of ZEB2 sufficient to increase ZEB protein levels have an enhanced invasive phenotype. In the case of BeWo_f11, for example, despite the increase in a classical mesenchymal marker like VIM (vimentin), there is no functional change in invasion at the lower level of ZEB2 upregulation. We surmize that there is a basal level of ZEB2 overexpression that must be achieved to enable translation of sufficient ZEB2 protein to enable activation of the EMT, resulting in increased invasiveness. These results indicate also that despite pattern variations in gene and protein expression between BeWo_c6 and JEG3_b5, ZEB2 manipulation yields a substantial shift in function (e.g. increased invasion). This demonstration of a change in functionality is central to the definition of the EMT process. Loss of functionality, through manipulation of the complex systems which make up the differentiation process, is a common experimental observation in many studies. This does not however indicate that the altered component is regulatory, simply that it is necessary for function. Our demonstration of increased functionality is important since it suggests that ZEB2 is coordinating the multiple systems necessary to promote invasion, with activation of differing pathways towards that functional goal, as revealed by comparison between model cell lines.
Investigating the role of ZEB2 in-vitro, in cultured model cell lines, may be considered a limitation in our studies, however we believe these trophoblast model cell experiments are crucial to our exploration of the CTB differentiation mechanism. Unlike primary cells, these cells are proliferative, allowing development of stable clones for extended investigation. As part of the experimental design, we purposely employed two different trophoblast model lines to ensure that the effects of manipulation were not cell type-specific. The results here provide a framework for experimentation on primary cells. However, overexpression techniques permitting a reliable generation of sufficient, healthy, transduced primary cells for assays of invasiveness are not yet available.
We conclude from the data reported here that ZEB2 stimulates a trophoblast EMT in both BeWo and JEG3 cells. The EMT is defined not only by changes in gene expression but also in protein expression, morphology and invasive capacity. The data from this gain-of-function experiment is consistent with our prior in-vivo data in which high levels of ZEB2 expression in first trimester trophoblast were associated with invasive EVT, and reduced levels of invasive capacity in the third trimester correlated with low levels of ZEB2. This is also reflected in the invasive EVT model cell line, HTR8/SVneo; these cells were found in a microarray study to share~1188 transcripts with primary EVT and therefore, serve as a model for epithelial biology and extravillous trophoblast cell invasion (Bilban et al., 2010) . Our data shows that the expression of ZEB2 in HTR8/SVneo was~40-fold greater, as measured by PCR array, than BeWo and JEG3 parent and EV controls. Both in-vivo and in-vitro, other EMT-associated master regulatory transcription factors (e.g. GSC, SNA1, SNAI2, TWIST1, ZEB1) fail to demonstrate the relationship between expression and EVT invasiveness displayed by ZEB2, arguing for the key role of the latter as the primary regulator of CTB differentiation to EVT, mediated via the EMT mechanism. These results serve as a foundation for more targeted studies of invasion in-vivo and of the elements which regulate differentiation and invasive capacity. In depth studies of the differentiation mechanisms in-vivo will also enable us to derive diagnostic indicators of abnormal invasion and, potentially, to develop the therapeutic manoeuvres necessary to correct problems arising from aberrant differentiation.
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